Waterlogging is predicted to become more common in boreal forests during winter and early spring with climate change. So far, little is known about the waterlogging tolerance of boreal tree species during their winter dormancy. & Aim The aim was to quantify the degree of waterlogging tolerance of 1-year-old dormant Norway spruce (Picea abies (L.) Karst.) seedlings. & Methods The seedlings were exposed to waterlogging in a growth chamber at temperature of 2°C for 4 weeks and then allowed to recover for 6 weeks during the growth stage. Shoot and root responses were monitored by physiological and growth measurements. & Results No effect was found in the seedling biomass, but root mortality increased slightly during the early growth stage following waterlogging. The water potential of the needles became less negative at the end of the waterlogging and the early growth stage. The ratio of apoplastic to symplastic electrical resistance (R e /R i ) of the needles was lower after waterlogging, indicating changes in the proportions of symplastic and apoplastic space. No differences were found between the treatments in the dark-acclimated chlorophyll fluorescence (F v /F m ) of the needles. Slightly greater accumulation of starch and temporary reductions of some mineral nutrients in needles were found after waterlogging. & Conclusions We conclude that in late winter and early spring, Norway spruce seedlings potentially tolerate short periods of waterlogging.
Introduction
Waterlogging tolerance of the roots is an important stress resistance feature for trees, especially those growing in wetlands. In Finland, one third of the land area used to be peatland, about one half of which has been drained by ditching (Kortelainen and Saukkonen 1995) . Trees growing on drained peatlands maintain a low water table for their root systems by means of transpiration and canopy interception (Sarkkola et al. 2012 ). In the future, however, rainfall and snowmelt frequency are predicted to increase and snowfall to decrease in northern regions during winter (Bardossy and Caspary 1990; Crawford and Braendle 1996; Jylhä et al. 2009 ). This is expected to elevate the water table in lowland areas and to increase risks of waterlogging in northern Europe during winter and spring (IPCC 2007) .
Waterlogging is an environmental stress characterised by transient or permanent saturation of soil pores with water. It affects plant growth and survival by reducing O 2 availability and changing the pH of the soil (Parent et al. 2008) . Plants tend to have a wide range of mechanisms to cope with short periods of soil hypoxia in the growing season (Crawford 2003) . When roots are exposed to an oxygen deficiency, their metabolic responses switch from aerobic respiration to fermentation (Kreuzwieser et al. 2004) . In order to promote the uptake and transport of oxygen from the air to the roots in flooded soil, morphological adaptations, such as the formation of aerenchyma cells and hypertrophied lenticels in Scots pine (Pinus sylvestris) (Armstrong and Read 1972; Aronen and Häggman 1994) as well as of adventitious roots in tamarack (Larix laricina) (Calvo-Polanco et al. 2012) , may also occur. Little attention has been paid to understanding the consequences of waterlogging during dormancy. The flooding resistance mechanisms of dormant trees are likely to be different from those of metabolically active and growing trees (Crawford 2003) . For example, Sitka spruce (Picea sitchensis) seedlings suffered less root dieback when waterlogged after the cessation of root growth in November compared with 1 month earlier when they were still growing (Coutts and Nicoll 1990) . Similarly, Norway spruce seedlings were found in a field experiment to tolerate high ground water levels occurring in winter and spring, i.e., before the onset of root growth, with only a slight decrease in shoot growth during the subsequent growth period (Pelkonen 1975; 1979) . Soaking and consequent oxygen deficiency of roots in jack pine (Pinus banksiana Lamb.) and black spruce (Picea mariana (Mill.)) prior to outplanting were suggested to be restricted to a maximum of 8 h in order to avoid growth losses during the subsequent growing season (Racey 1984) . However, the processes contributing to the apparently greater waterlogging tolerance of dormant seedlings are largely unknown.
Norway spruce is regarded as a flood-intolerant tree species based on field observations (Glenz et al. 2006) . Therefore, the predicted increase in precipitation in winter and spring, which are likely to create temporary waterlogging conditions, may be detrimental to this species. Here, the aim was to study waterlogging tolerance of 1-year-old dormant Norway spruce seedlings. The seedlings were exposed to waterlogging for 4 weeks followed by 6 weeks of growth in drained soil in a growth chamber. Different physiological and growth attributes were monitored to gain a comprehensive view of shoot and root responses. Needle water potential, root hydraulic conductivity (L p ) and needle mineral nutrients were measured to assess if waterlogging would affect root functioning detrimentally. Accumulation of carbohydrates in needles plus the total biomass and the biomass by cohorts were measured to evaluate the growth. Chlorophyll fluorescence and electrical impedance spectroscopy (EIS) have been shown to indicate sensitively cellular responses to various stresses (Lichtenthaler and Rinderle 1988; Zhang et al. 1993; Repo et al. 1994 Repo et al. , 2000 Ryyppö et al. 1998; Baker 2008) . Therefore, we assumed that the methods would indicate needle responses to waterlogging stress. We hypothesised that the root functioning of dormant seedlings would decline by waterlogging and this would be manifested in altered shoot physiology and reduced growth in the subsequent growth season.
Materials and methods

Plant cultivation and waterlogging treatment
We used 1-year-old Norway spruce (Picea abies L.) seedlings (Plantek-81F, pot volume 85 cm 3 , height 18-24 cm) originated in Suonenjoki (Eastern Finland, 62°39′ N, 27°03′ E, 130 m a.s.l.). The growth medium was peat. Prior to the experiment, the seedlings had been stored at −2°C in the FinForelia forest tree nursery (Tuusjärvi, Eastern Finland, 62°50′ N, 28°32′ E) for 7 months and then moved into a dark cold room at +2°C in Joensuu (62°36′ N, 29°45′ E, 80 m a.s.l.) for 1 month. At the start of the experiment, the seedlings were in the second phase of dormancy, i.e., quiescence, where growth can resume whenever conditions become favourable. The seedlings were replanted, with the peat plugs intact, into black plastic pots (7 cm×7 cm×6 cm) with quartz sand (particle size 0.5-1.5 mm, Nilsiä Quartz, SP. Mineral, Finland) as the culture medium. A piece of cloth was placed at the bottom of each pot to keep the sand in the pots.
Immediately after replanting, 128 seedlings were moved into a growth chamber (PGW36, Conviron, Winnipeg, Canada). They were distributed into eight containers (dimensions 33 cm×33 cm×13 cm, 16 seedlings/container) and four replicate containers (n =4) for the two treatments designed. The containers were placed in the growth chamber in a randomised order. The treatments were: (1) No waterlogging in the dormancy phase (NW) and (2) waterlogging in the dormancy phase (W). The W treatment stopped at the end of the dormancy phase. The dormancy phase lasted for 1 month, during which the air temperature was kept constant at 2°C, relative humidity at 90 %, photoperiod at 6/18 h (day/night) and photosynthetically active radiation (PAR) at 200 μmol m −2 s −1
. The growth phase lasted for 6 weeks, during which the air temperature was 22/15°C (day/ night), relative humidity 70/80 % (day/night), photoperiod 18/6 h (day/night) and PAR 400 μmol m −2 s −1
. The changes in the photoperiod, light irradiance, temperature and air humidity upon the switch from dormancy to growth were made gradually during the first week of the growth phase. The change from day to night conditions was made gradually in 2 h.
The chemical composition of the waterlogging and irrigation water (Table 1 ) was adjusted to match the precipitation in southern Finland (Sallantaus 1992) . The non-waterlogged seedlings were irrigated twice during the dormancy phase. In the waterlogging treatment, the water table in the pots was maintained at the soil surface. After waterlogging, all the seedlings were irrigated twice a week during the growth phase. For the physiological and biomass measurements, harvests were carried out at the end of the waterlogging and the dormancy phase (H0) and after 14 days (H14), 28 days (H28) and 42 days (H42) of the growth phase. Physiological measurements had also been carried out once before the start of the waterlogging treatment. There was no initial difference in soil moisture between the two treatments before waterlogging.
The soil oxygen and the volumetric water content were monitored in eight randomly selected pots (one pot/container) before the end of the waterlogging and then three times at 2-week intervals during the growth phase. The oxygen content was measured and corrected for the soil temperature by means of 4-Channel Fiber-Optic Oxygen Meter (OXY-4, PreSens, Germany). An optical sensor (Oxygen Dipping Probe, DPPSt3-L2.5-St10-Yop, PreSens, Regensburg, Germany) was inserted into the soil at a depth of 3 cm and the air saturated value was recorded after 10 min. For verifying the results of the oxygen measurements, a separate set of 16 seedlings were used for soil oxygen monitoring with 16 optical sensors. The seedlings were subjected to similar waterlogging treatments (W and NW) as in the main experiment. In half of the seedlings of both groups, the oxygen sensors were placed in soil continuously, whereas in another half the sensors were set into the soil temporarily for taking the readings 10 min after insertion of the sensor. The soil water content was measured by means of Moisture Meter HH2 (Delta-T Devices, Cambridge, England).
Physiology
Eight seedlings per treatment (two seedlings per container) were sampled from each harvest for the dark-acclimated (20 min) chlorophyll fluorescence (F v /F m ), water potential and EIS of the previous-year needles and for root hydraulic conductance at room temperature. The harvests were destructive, i.e., different seedlings were sampled in each harvest.
Mean value of two seedlings in each container was used for statistical analyses (the number of replicated containers was four).
Five previous-year needles were picked from each seedling for the F v /F m measurements. The needles were attached to a tape side by side and measured at room temperature with a portable chlorophyll fluorescence meter (MINI-PAM, Heinz Walz Gmbh, Effeltrich, Germany).
Water potential measurements took place in the morning a couple hours after the lights were switched on in the growth chamber. Three previous-year needles from each seedling were sampled, a thin slice was cut at the surface of the bottom end and pressurized by means of a pressure chamber (Scholander et al. 1964) . The pressure value were recorded when the first drop of water came out from the bottom end of the needle.
The EIS was measured for three previous-year needles from each seedling (Repo et al. 1994; 2000) . The method provides information about the physicochemical properties of cellular structures. It is based on passage of electric current of different frequencies through the cellular compartments. Low-frequency current may pass apoplastic space. By increasing the frequency, more current will pass cell membranes, and at high-enough frequencies, both apoplastic and symplastic space pass current concurrently. One 8-mm-long section was cut out of the middle of the needle and set between the electrode pastes (Signagel, Parker Laboratories, Fairfield, NJ, USA) connected by Ag/AgCl electrodes (RC1, WPI, Ltd., Sarasota, W, USA) to the circuit analyser (HP 4284A, Agilent, Palo Alto, CA, USA). The real and the imaginary impedance values were measured at 46 frequencies between 20 Hz and 1 MHz. The extracellular (R e ) and the intracellular resistance (R i ) were estimated on the basis of the parameters of the distributed circuit model (single-DCE) (Repo et al. 1994 ) and the ratio R e /R i was calculated.
The root hydraulic conductance (K r ) was measured with a high-pressure flow meter (HPFM, Dynamax Inc., Houston, TX, USA). The shoot was cut at about 15 mm above the root collar, and the HPFM device was connected to the root system at the stem above the root collar by means of a coupling set. The measurements were carried out by increasing the pressure from 0 to 0.55 MPa (Tyree et al. 1995) . The root hydraulic conductivity (L p ) was obtained by dividing the root conductance by the live root surface area.
Eight seedlings (one per container) were used to determine the soluble sugar and starch content of their needles with the method described by Hansen and Møller (1975) . The needles were dried at 40°C to a constant weight and then ground into a powder. The soluble sugars were extracted using 80 % aqueous ethanol. The concentration of total soluble sugars was determined colorimetrically at 630 nm after reaction with anthrone. The starch was extracted from the residue using 35 % perchloric acid. The starch content was determined colorimetrically at 625 nm with anthrone and using starch in 30 % perchloric acid as a standard. The contents are given as percentage of dry mass of the needles. Anthrone method is commonly used in sugar analyses. The accuracy of the method is affected by occurrence of sugar mixtures. In addition, strong acid may break down structural carbohydrates to glucose leading to some overestimate of starch content (Chow and Landhäusser 2004) , but in our case the bias is similar for all samples.
Biomass
The same seedlings as those used for the shoot physiological and root hydraulic conductance measurements (three seedlings per container) from each harvest were used for root and shoot biomass, root volume and the percentage of dead roots calculations. The dry mass of the previous-and currentyear (last two harvests) shoots was assessed after drying at 40°C to a constant weight. The roots were carefully removed from soil and washed in tap water. Dead roots were separated from live ones by naked eye and at stereo microscopic assessment of cross sections. The live roots were scanned (STD4800 scanner, Régent Instruments Inc., Sainte-Foy, Canada), and the root volume, root length, root surface area and number of root tips were assessed using the WinRHIZO program (WinRhizo, Régent Instruments Inc., Sainte-Foy, Canada). Both dead and live roots were dried at 40°C and weighed.
Nutrients
For N analyses (LECO CHN-1000 elemental analyser, LECO Corporation, St. Joseph, MI, USA), previous-year and current-year needles of all seedlings from each harvest (three seedlings per container) were used. After an HNO 3 -H 2 O 2 digestion of the needles, extracts were analysed with an inductively coupled plasma atomic emission spectrophotometer (ICP/AES) (TJA Iris Advantage, Thermo Jarrell Ash Corporation, Franklin, MA, USA) for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), boron (B), copper (Cu), manganese (Mn) and zinc (Zn) concentrations and expressed on the dry mass basis.
Statistical analyses
The effects of the treatments on all the variables were analysed by means of a mixed linear model (procedure MIXED in SPSS 15.0.1, SPSS Inc., Chicago, IL). The model used was y =μ +treatment+time+treatment×time+ε, where μ is a constant. The 'treatment' (i.e., NW and W) and 'time' (i.e., harvest time) were regarded as fixed factors and ε as a random term. The significance of the difference between the treatments at different sampling times was tested by contrasts using Bonferroni-corrected significance levels. Normality and homogeneity of the variance of the residuals were checked. The selection of the covariance structure was based on Akaine's information criteria. Response variables were logtransformed when needed to fulfill the assumptions of the analyses. The mean value of the seedlings in one container was used in the statistical analyses of the variables. The number of replicate containers was four.
Results
Soil environment
In the measurements done during the treatment period the air saturated soil oxygen content in NW treatment was 94±2 % (Table 2) . In W treatment, the mean was 64 % (±2 %) 10 min after insertion of the oxygen sensor in soil. However, the additional measurements with the separate set of plants showed that after 60 min, the oxygen content was 0 %. The results showed that a longer stabilisation time is needed in W than NW due to an oxygen imbalance at the soil-sensorinterface after insertion of the sensor in soil. The differences in the oxygen contents between the treatments disappeared at the beginning of the growth phase after removal of the waterlogging condition.
The soil moisture was higher in W than in NW (P <0.05) at the end of the dormancy phase but no differences were found between the treatments in the growth period. When the lights were on in the chamber the soil temperature was about 5°C during the dormancy phase and 23°C during the growth phase (Table 2) .
Physiology
Judged by the visual appearance of the shoots, all seedlings remained healthy throughout the experiment. The effect of the Table 2 The mean (±SD) soil conditions without waterlogging (NW) and with waterlogging (W) of Norway spruce seedlings for 4 weeks during the dormancy phase. W treatment during the 'Growth' phase refers to the seedlings that were exposed to waterlogging during the 'Dormancy' phase only. The values in the 'Growth' phase are the means taken at three last harvests (14, 28 and 42 days since start of growth phase) a Based on the oxygen monitoring with the sensors continuously in soil.
Other oxygen readings were taken 10 min after insertion of the sensor in soil sampling time on the F v /F m of the previous-year needles was significant (P <0.001), but there were no significant differences between the treatments and the time×treatment interaction (Fig. 1a) . After 14 days from the end of the dormancy phase and the waterlogging treatment (H14), the F v /F m reached its maximum at 0.84. Thereafter, the values declined gradually to the same level (0.79) as they had at the end of the 30-day dormancy and waterlogging phase. The water potential of the previous-year needles was significantly higher in W than in NW at the end of the dormancy phase and during the early growth phase (H14) (P <0.05) (Fig. 1b) , but it decreased in both treatments until H28 (28 days of growth) (P <0.01).
Symplastic resistance (R i ) was slightly higher and apoplastic resistance (R e ) slightly lower in W than in NW needles, resulting in a lower R e /R i ratio for the previous-year needle (P <0.05) during the growth phase. The R e /R i ratio decreased with time (P <0.001) until harvest H28 (Fig. 1c) . The time×treatment interaction was not significant. No significant differences were found in total root hydraulic conductance (K r ) (data not shown) or root hydraulic conductivity (L p ) (Fig. 1d) between the W and the NW treatment at any harvest time or in the time×treatment interaction. The effect of the sampling time was not significant either.
The soluble sugar content of the previous-year needles tended to be higher in W than in NW (P =0.053), but the change over time was not significant (Fig. 1e) . The starch content of the previous-year needles increased during the growth phase (P <0.001), except at H28 (Fig. 1f) , and tended to be higher in W than in NW, especially at H14 (P =0.062). The time×treatment interaction was not significant.
Biomass
The elongation of the needles and stems started between H14 and H28 resulting a higher total biomass at H28 and H42 than at previous harvests (P <0.001). There were no differences at any of the harvest times between NW and W in the total biomass or of the different cohorts, i.e., previous-year and current-year needles or previous-year and current-year stems and roots (Fig. 2) .
The root volume increased since H14 (P <0.001). It was smaller in W than in NW (P <0.05), except at H28 (Fig. 3) not significant. There were no differences between the treatments in root length, root surface area, or number of root tips (data not shown).
The percentage of dead root biomass increased towards the end of the waterlogging phase (H0) and still at the beginning of the growth phase in W (H14) but decreased towards the end of the growth period (Fig. 4) . The differences between the treatments or the time×treatment interaction were not significant due to large variability (Fig. 4) .
Nutrients
The N, K, Ca, Mn, and Zn content of the previous-year needles was significantly higher in NW than in W at the end of the waterlogging phase (H0) (P <0.05) (Fig. 5) . No differences between the treatments were found during the growth phase for N, K, Mg, Mn, and Zn, except for the Ca content, which was higher in NW than in W at the end of the experiment (P <0.05). In the contents of P, Fe, B, and Cu, no differences were found between the treatments. The time effect was significant for each nutrient, except Fe.
In current-year needles, no differences were found between the treatments or the time×treatment interaction for any of the nutrients. The contents of N, P, K, Cu and Zn were higher but the contents of Ca, Fe, B, Mn, and Mg were lower in the current than in the previous-year needles at the same harvest time. The contents of N, P, K, Cu, and Zn decreased with the progress of the growth phase (P <0.05).
Discussion
Our hypothesis that the waterlogging at low temperature and consequent hypoxia of roots in dormant Norway spruce seedlings would affect the physiology and growth in the subsequent growth season without waterlogging was partly supported. Low oxygen demand may partly mitigate the harmful effects of winter flooding on dormant plants (Crawford 2003) . Root respiration of waterlogged conifers, and soil oxygen use Fig. 2 Dry biomass of each cohort of Norway spruce seedlings by harvest times. NW no waterlogging; W waterlogging; BW before waterlogging; H0 after 30 days of winter waterlogging; H14 after 14 days of growth; H28 after 28 days of growth; and H42 after 42 days of growth. The vertical bars indicate standard errors (n =4) Fig. 3 Root volume of Norway spruce seedlings by harvest time. NW no waterlogging; W waterlogging; BW before waterlogging; H0 after 30 days of winter waterlogging; H14 after 14 days of growth; H28 after 28 days of growth; and H42 after 42 days of growth. P values are indicated for the significant effect of harvest time and treatment. The vertical bars indicate standard errors (n =4) Fig. 4 Dead root proportion (out of total dry root biomass) of Norway spruce seedlings by harvest time. NW no waterlogging; W waterlogging; BW before waterlogging; H0 after 30 days of winter waterlogging; H14 after 14 days of growth; H28 after 28 days of growth; and H42 after 42 days of growth. P value is indicated for the significant effect. The vertical bars indicate standard errors (n =4) accordingly, is lower in cold than warm (Coutts and Philipson 1978; Racey 1984; Conlin and Lieffers 1993) . However, despite the low oxygen consumption in cold waterlogged soils, the oxygen level may decline almost to zero within a few days or even faster after commencement of waterlogging. Roots of P. banksiana and P. mariana submerged in cold water (1°C) used main proportion of oxygen already within 24 h (Racey 1984) . In the experiment with 1-year-old P. sitchensis and Pinus contorta, oxygen level was depleted in 6 days after waterlogging at 6°C (Coutts and Philipson 1978) . In the present study, the consequences of hypoxia were not very strong, and most of the observed differences disappeared by the end of the growth period.
The biomass of the seedlings was not affected by 1 month of waterlogging. This is consistent with the results obtained for the photochemical efficiency of the PS II (F v /F m ), which was not affected by the waterlogging treatment. II (Lichtenthaler and Rinderle 1988; Baker 2008) . As it turned out, the photosystem II of needles of dormant spruce seedlings appeared to be resistant to waterlogging stress under the study conditions simulating winter/early spring conditions. Accumulation of starch in needles of conifers undergoing hypoxia stress is associated with phloem transport problems in stressed plants and a reduced carbohydrate supply in the roots (Topa and Cheeseman 1992a, b; Palomäki et al. 1994; Sudachkova et al. 2009 ). We observed only a slight elevation of the starch concentration in the previous-year needles of W treatment in the initial phase of the growing season after the waterlogging, however. In agreement with this, no severe effects on root or shoot biomass were found either. Low N or P availability is observed to promote starch accumulation in conifer needles (Adams et al. 1986; Topa and Cheeseman 1992a, b; Brahim et al. 1996; Utriainen and Holopainen 2001) which might be an explanation for the increase of starch content during the growth phase.
Waterlogging resulted in a lower root volume compared with the treatment without waterlogging during the subsequent growing season. Furthermore, the proportion of dead roots in W seedlings was increased at the beginning of the growth season too, although not confirmed statistically due to high variability. Therefore, we may conclude that there was some root damage in the waterlogging treatment, but the roots quickly recovered and no other significant damage could be observed. These findings agree with post-drainage recovery of dormant Sitka spruce (P. sitchensis), lodgepole pine (P. contorta), Scots pine and Norway spruce after waterlogging in cold (Coutts and Philipson 1978; Pelkonen 1979; Coutts and Nicoll 1990) .
Root hydraulic conductivity (L p ) was not significantly affected by waterlogging. Both L p and root hydraulic conductance (K r ) have been used to estimate the water uptake capacity of roots (Calvo-Polanco et al. 2009 Aroca et al. 2012) . Although there is some controversy concerning the effects of unstirred layers on K r measurements with HPFM (Knipfer et al. 2007) , it can be safely assumed that these effects would not vary between the treatments. Hydraulic conductivity of roots has been found to decrease under flooding conditions, which has been explained by cytosolic acidification and inhibition of aquaporin activity (Kamaluddin and Zwiazek 2002; Tournaire-Roux et al. 2003) . However, in eastern larch (L. laricina) (Calvo-Polanco et al. 2012 ) and white spruce (Picea glauca) (Reece and Riha 1991) , root hydraulic conductance remained unaffected by flooding, which supports our observations. Some flood-tolerant species, when exposed to flood conditions, are able to develop new adventitious roots with high L p values (Islam et al. 2003) . Although Norway spruce is also able to grow adventitious roots in response to adverse soil conditions (Puhe 2003) , in this study, none were observed at the end of the next growing season.
The water potential of the needles was higher in the W than in the NW treatment at the end of the dormancy phase and in the early growth phase. Although this could suggest that the waterlogging had positive effects on the water relations of the needles, the positive effects were more likely to be a result of a delay in stabilisation of soil moisture after the waterlogging had ended. In the current experiment, we did not measure gas exchange of the seedlings. However, earlier studies with conifer seedlings have shown stomatal closure after waterlogging (Terazawa et al. 1992, Topa and Cheeseman 1992a) . Moreover, flood-induced stomatal closure may sometimes prevent reduction in leaf water potential (Pereira and Kozlowski 1977; Kozlowski 1997 ). Thus, waterlogging in our study may have decreased stomatal conductance and in consequence decreased the transpiration, which could explain higher water potential in W than NW seedlings at the end of the dormancy and in the early growth phase.
The lower R e /R i ratio in W than in NW needles is an indication of the difference in the current-carrying capacity of the apoplast and the symplast of the previous-year needles. The slightly lower R e in W than NW needles suggests an impaired ability of cell membranes to maintain high symplastic ion concentration whereupon ions leaked into apoplastic space (Repo et al. 1994 (Repo et al. , 2000 . Another possible explanation is higher apoplastic water content with less air space in W needles whereupon the passage of low-frequency current in the apoplastic space was facilitated and resistance decreased (Zhang et al. 1995) . The elevated symplastic resistance (R i ) in W needles might be due increased viscosity due to higher starch and sugar contents but this would need further studies (cf. Gourzi et al. 2004 ).
The contents of N, K, Ca, Mg, Mn and Zn were higher in NW than W needles after 30 days waterlogging but no differences were found in the contents of P, Fe, B, and Cu. This indicates that waterlogging during the dormancy phase affected the uptake or allocation of different nutrients differently. Waterlogging is known to affect the availability of nutrients in the soil differentially (see the review by Kreuzwieser and Gessler 2010) . The availability of potassium and nitrate often decreases, whereas phosphate and reduced forms of iron increase in the soil after flooding (Kreuzwieser and Gessler 2010) . That is consistent with our observation that nitrogen and potassium content in the previous-year needles were slightly lower in the W than in the NW seedlings after the waterlogging. During the growth period the NW and the W seedlings did not show any differences in the nutrient contents of old or new needles. However, the contents of major macronutrients in the previous-year needles decreased in both treatments with the progress of the growth phase. We may conclude that the uptake or allocation of some nutrients was affected by waterlogging in the late winter but this did not affect the nutrient status in the growing phase following the waterlogging. Still, we cannot rule out the possibility that this effect might be significant if the seedlings would be exposed to other environmental stresses during the growing phase. The issue of mineral nutrition in trees subjected to winter and early spring waterlogging has not been addressed before.
In conclusion, late-winter waterlogging of dormant Norway spruce seedlings did not reduce the seedling biomass in the next growing season. Although root volume decreased and root mortality increased, waterlogging did not have a negative effect on the water uptake of the seedlings during the subsequent growth phase. Norway spruce seedlings appear to be relatively well equipped to recover from the effects of shortterm waterlogging during the dormancy phase. Still, further studies are needed to examine the waterlogging tolerance of Norway spruce during different phases of the growing period and the potentially aggravating effects of other environmental stresses occurring after waterlogging.
